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Wo present data which show that ribonuclootida {Rf^)-negative herpes simplex virus type-1 (HSV-1) is a usefuJ vector 
for ^ene delivery into neuronal cells. For these studies we used hrft3, a genetically engineered HSV-1 inuiant which h&s 
an in-frsmo Insertion of the bacterial /acZ gene into the HSV gene that encodes the large subunit <ICP6) erf RR. After 
infection of rat primary sympathetic neuronal cultures with hrf^3, the IGP6::/ac? chlmerte gene was expressed, as 
shown by blue staining of the cells upon exposure to X-Gal, a ehromogenic /S-galactosidaae substrate. When the 
Infection was performed in the presence of acyciovir, hrR3 appeared to become '*|aieni"; neither irrfectious virus nor 
^-galactosidaso aclsvity was detectable In these neuronal cultures at 3 weeks after the acyctovir wae removed. Howfr 
ever, /?-galactosidase activity wes inducible tn the '^latent* ' cultures by superinfection with ICP6A (a RR-negatrve 
deletion mutant) wKhout resulting in the ''reactivation" of hrR3 and without apparent cytopathic effects. In contrast, 
superinfection v»rith ICP6A + 3-1. a virus derived by marker rescue of ICP6A, resuited In tfie expre8$ic»n of tec2, the 
release of hrR3 into the culture medium, and cytopathic effects. The introduction off a foreign gene Into neuronal celts 
by a RR-negative herpes simplex virus, and the sube^£|uent induction of gene expression by another noncomfilement- 
ing virus, may constitute a prototype gene delivery/recall system for neurons, ® lasi Avademic Pre««. inc; 



Herpes simplex virus type-i (HSV-l) is able to infect 
both nonneuronal and neuronal cells (7). In neurons 
HSV can either undergo a productive lytic infection or it 
can enter a state ot viral latency. Much is known about 
the lytic cycle in nonneuronel cells, however, very little 
is known about HSV infection of neurons, in general, 
and the course of events that lead to the establishment 
of latency, in particular. Recently, an in vitro model of 
herpes simplex virus latency was descnt>ed by Wilcox 
and Johnson (2). This model should (acilitale studies of 
viraj-neuronal cell interactions. 

It has been suggested that HSV can be used as a 
vector to introduce genes into neuronal cells (3, 4). 
Based on theoretical considerations, the ideal herpes 
virus vector would be able to express a foreign gene of 
interest without causing cytopathic effects. Several 
types of HSV vectors have been proposed for this pur- 
pose. These include defective HSV vectors (3, 5) and 
conditional lethal recombinant viruses which are propa- 
gated on helper cell lines [4). A similar approach is to 
utilize mutant viruses that propagate well on virtually all 
nonneuronal ceils, but which are unable to replicate in 

* To whom requests for reprints should be addressed at Depart- 
ment of Medicine, Oivtsion of Infectious Diseases, Box 805 1 , Wash^ 
ingion University School of Medicine. 660 S. EucKd Avenue, St. 
Louis, MO 63 110. 



fully differentiated neuronal cetls, HSV ericodes a num- 
ber of genes which are nonessential for growth in non- 
neuronal cells in tissue culture, but which may be im- 
portant, or even essential, for growth in postmitotic 
neurons. Thymidine kinase (tk^negative mutants, for 
' instance, grow well on fibroblasts in tissue culture as 
well as at the site of innoculation in mice, but are appar- 
ently unable to replicate in mouse neuronal cells {6, 
14). tk-negative mutants are able, however, to estab- 
lish a latent infection in mouse ganglia but do not reacti- 
vate [6, 7), Other mutants which havia similar proper- 
ties include ribonucleotide reductase-negative mu- 
tants. HSV encodes a ribonucleotide reductase (RR) 
consisting of a large subunit {RRT or ICP6)and a small 
subunit (RR2). In mice RR-negative HSV mutants have 
been shown to have reduced virulence iS], However, 
like ik-negative mutants they can establish latency but 
tail to reactivate (9). Cellular RR is present only in ac- 
lively dividing cells. Neurons, by virtue of their postmi- 
totic state, should have little or no RR activity ( 70). One 
would predict, therefore, that a RR-negative HSV 
would find neurons an unsuitable environment for repli- 
cation. Such mutants, therefore, may have potential as 
vectors to introduce foreign genes into neurons. 

Recently, two genetically engineered RR-negative 
HSV(KOsj mutants were constructed by Goldstein and 
Weller (7 h 12). One mutant, hrR3, has an in-frame in- 
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sertion of the bacterial geine /acZ into the ICP6 encod- 
ing gen€^ (UL39) such that lacZ is placed under the 
control of the 1CP6 promoler. Another mutant, 1CP6A. 
has a large deletion which removes most of the ICP6 
gene. Phenolypically these two mut9nts behave simi- 
larly except that cells infected vvith hrR3 appear blue 
after staining with X-Gal, a chromogenie /S-gaiactosi- 
dase substrate. The growth of these viruses in actively 
dividing cells is similar to that of the parental virus, but 
their grov^h is severely impaired in growth-arrested, 
nondividing cells, 1CP6A'*'3.1 » a virus derived by marker 
rescue of ICP6 A. was shown to have the same pheno- 
type as wild-type vims { 12), We decided to examine the 
behavior of hrR3 in primary neuronal cultures and to 
evaluate the expression of lecZ in these cells after In- 
fection. We present here an interesting preliminary re- 
sult from these studies. 

Primary sympathetic neuronal cultures were pre- 
pared from superior cervical ganglia (SCG) of Day-21 
embryonic rats as described previously (2). The cells 
were grown in the presence of an antimitotic agent, 
fluorodooxyundine, for 1 0 days before the experiments 
were performed. At this time approximately 95% of the 
cells were neurons, the remaining cells being nondivid- 
ing Schwann cells and fibroblasts. The cells were in- 
fected with hrRS using 20 plaque-forming units per 
cell At various times postinfection the cells were fixed 
and histochemioaHy stained for ^?-galactosidase activ- 
ity. Whereas blue-staining nonneuronal cells appeared 
at 4 hr, neuronal cells did not stain blue until 16 hr 
postinfection. By 48 hr approximately 30% of the neu- 
rons were stained (Fig. i), However, the infection of 
these cells was nonproductive; the amount of hrR3 
(<3.0 X 10' Pf U/ml) detectable in these cultures 3 
days after infection was less than the amount detected 
immediately following infection (1.0 x 10^ PFU/ml) 
{data not shown). In contrast, parallel primary rat SCG 
cultures which were not pretreated with an antimitotic 
and which contained numerous dividing nonneuronal 
cells contained a significant amount of hrR3 (8.7 x tO^ 
PFU/ml) at Day 3 after infection. 

We then examined the behavior of hrR3 In long-term 
cultures of sympathetic neurons using the protocol de- 
veloped for establisfiing latency in vitro (2), At the time 
of infection, and for 1 week after infection, acyclovir (50 
tiM) was maintained in the culture medium. The acy- 
clovir was then removed and the cells were cultured for 
an additional 3 weeks. Under these conditions, no in- 
fectious hrR3 was detected in the culture medium (de- 
tection limit: 30 PFU/mf) and no /S-galactosidase activ- 
ity was detected histochemioaHy. Treatment of these 
cultures with anti-nerve growth factor (anti-NGF), 
which has been shown previously to reactivate latent 
wild-type virus, had no apparent effect. However, the 



transcriptionally/translationally quiet lCP6::/acZ chi- 
meric gene was induced by superinfection (m.o.i. ^ 1 0) 
of these "latent'* cultures with another RR-negative 
virus, ICP6A (Fig. 2B), but no hrR3 (detection jinnit: 30 
PFU/ml) was released into the culture medium and. 
importantly, the neurons appeared healthy (no granu- 
lation of the cell bodies or fragmentation of the neurites 
were pbser/ed). At least four microscopic fields (SO- 
SO neurons per field) were examined per culture. LaoZ 
expression was also induced by superinfection (m.o.i. 
= 10) with a Wild-type virus (strain F) and with ICP6A 
-I- 3.1 , a virus derived by marker rescue of ICP6A (Figs. 
2C and 2D). However, after infection with these vi- 
ruses, cytopathic effects were evident and hrB3 was 
delectable (>1 00 PFU/mf) in the culture medium by the 
detection of blue-stainable plaques on indicator cells. 
For unknown reasons the percentage of /3-galactosi- 
dase expressing cells following superinfection with 
these three viruses (JCP6A, ICP6A + 3.1, and wild 
type) was somewhat variable from experiment to ex- 
periment so it was difficult to determine whether there 
was a difference among the viruses in the efficiency of 
induction. 

It is intriguing that the ]CP6::/acZchimeriG gene was 
induced in the "latently" infected hrR3 cultures by su- 
perinfection with ICP6A. hrR3 and 1CP6A have muta- 
tions which should be noncomplementing and. as one 
would predict, no infectious hrR3 progeny resulted 
from this experiment. It is possible that some factor{g) 
associated with ICP5A superinfection can transact!- 
vate the ICP6::/acZ transcription unit, in this regard, 
ICP4 would not be a likely candidate as the ICP6 pro- 
moter has been shown to be unresponsive to ICP4 
{11Y On the other hand, it was recently demonstrated 
that the lCP6 : :yacZ chimeric gene could be induced 
30- to 40-fold by the virion-associated immediate-early 
gene transactivator VP 16 and 10-fold by ICPO (S. 
Weller, personal communication). In addition, the pro- 
moter for the HSV-2 gene encoding the ribonucleotide 
reductase large subunit (ICPIO) has also been shown 
to be responsive to VP 16 transactivation [ t3). This is- 
sue and many others raised by these experiments are 
currently under investigation. 

Our finding that it Is possible to deliver a foreign gene 
into a neuron by an HSV mutant, and to subsequently 
induce the expression of this gene by a noncomple- 
menting mutant, may constitute a prototype gene deliv- 
ery/recall system for neuronal cells in vitro. Further ex- 
periments are necessary to assess the usefulness of 
this paradigm, or alternatrve paradigms in which induc- 
tion does not require superinfection, to realize the po- 
tential of this approach to provide controlled expres- 
sion of foreign genes in healthy neurons. 
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FK5. 1. Infection oj a primary rat a/mpathetic neuron culture with hrR3. Dissociated cells frorn superior cervical ganglia were grown in the 
F^resence of an antimitotic agdnt. tluoitKJeo^uridine, fer lO days before the e^^eriment was triitiaiesJ. The cells were intected with hrR3 <m,o.i. 
- 20) and A 8 hr after infeclipn the cells were fhned and hislochertiicatiy stained with X-gal. Arrovv intficates a blue degenerating nonneuronal oell. 




Fig. Z, Induction of expre^efon of facZ'in neMconal cultures latently Infected with hrR^, Aaet of SCO cultures was latently infected with hrR3 as 
described in Hef. (2). Four weeks poatinfectioru and 3 weeks after removal of the acyclovir, the Cultures were treated with: (A) nothing. (B) 
ami-NGF antibodies plus iCI^6i^ superinfeciion for 4 days. (C) dnti^NGF antibodies plus wi HSV (atratr> F) superinfection for 4 days, or (D) 
anti^NGF antibodies plus ]CP6A'*3, f superinfection for 4 days. The cells ware then fixed and seined with X-Ga). Bar: 100 /mi. 
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